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I. INTRODUCTION
Nanowire (NW) array structures are promising candidates for next generation photovoltaic devices, due to their attractive optical and electrical properties. Optical and electrical modeling is crucial for guiding the design and predicting the performance of nanowire solar cells. [1] [2] [3] [4] [5] [6] [7] [8] In previous theoretical work, 9, 10 we have optimized the optical properties of single-junction nanowire arrays with respect to nanowire size and spacing. We showed that optimized arrays have a higher broadband absorption than a thin film of the same height, increasing efficiency while shrinking material usage.
Nanowire tandem cells promise further increases in photovoltaic efficiency. [11] [12] [13] Tandem solar cells use multiple semiconductor materials with different band gaps to selectively absorb different wavelength ranges of the solar spectrum, reducing thermal loss and increasing efficiency. 14 However, the choice of materials is traditionally constrained by lattice-matching requirements. Nanowire structures [15] [16] [17] have a high tolerance of lattice mismatch, enabling more material choices. Moreover, large-area fabrication of III-V nanowire arrays with controlled structural parameters has been successfully demonstrated using scalable patterning techniques such as nanosphere lithography. 18 In this work, we focus on double-junction cells in which the top junction is formed in a III-V nanowire array, and the bottom junction is formed in a silicon substrate. This system is promising for several reasons. First, III-V direct gap alloys are highly absorptive and provide a wide range of band gap choices. Recent experiments 12, [19] [20] [21] [22] have successfully demonstrated the fabrication of III-V nanowire arrays on relatively inexpensive silicon substrates. Second, this approach leverages previous development of highly optimized, singlejunction, crystalline silicon cells, used here as the bottom cell. Previous work in the literature has simulated a nanowire on silicon tandem cell for a III-V material with 1.7 eV band gap, assuming a simple Beer-Lambert model of absorption. 7 Experiments have demonstrated a nanowire on silicon tandem cell in InGaAs, 23 a material with a suboptimal bandgap. However, a number of important general questions remain. How should the nanowire array be designed to achieve current matching between top and bottom cell? How does the achievable efficiency vary with the band gap of the top material, and what nanowire size and spacing optimizes it? And lastly, how should the nanowire p-n junction be designed to achieve high carrier collection efficiency?
In this paper, we first calculate the limiting efficiency of III-V nanowire on silicon tandem solar cells, using realistic 3D electromagnetic simulations to model absorption and a detailed-balance model to estimate current collection. We consider several choices of III-V material with different band gaps. For each, we find the optimal structural parameters (lattice constant and nanowire diameter) as a function of nanowire height. We discuss the implications of current matching on the array design. We then conduct more accurate device simulations, using finite element modeling of the drift-diffusion equations. We study the effect of the p-n junction design and surface recombination on carrier collection and compare to the results of the detailed-balance model. Taken together, our results provide a comprehensive set of design guidelines for the optimization of III-V nanowire on silicon tandem cells.
II. OPTICAL ABSORPTION MODELING AND DETAILED BALANCE ANALYSIS
In this section, we use optical absorption modeling and detailed balance analysis 24 to estimate an upper bound on the efficiency of III-V nanowire on silicon tandem solar cells. We first consider the detailed balance limit for an idealized tandem cell. We then use three-dimensional, fullvectorial simulations of Maxwell's equations to obtain the absorptance of various actual nanowire arrays. We optimize the nanowire structural parameters so as to provide tandem cell efficiencies as close as possible to the ideal limit. We 0021-8979/2012/112(6)/064321/9/$30.00
V C 2012 American Institute of Physics 112, 064321-1 describe how current matching conditions affect the optimal parameters for nanowire arrays composed of different materials, specifically those with band gaps above and below the ideal value.
A. III-V nanowire array on silicon structure
For the purpose of optical modeling, we consider the structure shown in Figure 1 . The nanowires form a vertically aligned, hexagonal array, characterized by the distance between adjacent nanowires a, nanowire diameter d, and nanowire height h. We assume a semi-infinite silicon substrate. In practice, this means that the bottom silicon cell is assumed to be thick enough to absorb any light above its band gap that is not absorbed in the nanowire array. It is assumed that each subcell (nanowire array, silicon cell) contains a p-n junction, and that the two subcells are connected in series.
We consider four different III-V materials for the nanowire array, each with a different band gap energy (InP 1.34 eV, GaAs 1.43 eV, Al 0.2 Ga 0.8 As 1.72 eV, and Ga 0.5 In 0.5 P 1.9 eV).
B. Detailed balance analysis
We use a modified detailed balance analysis to estimate the efficiency of the nanowire tandem solar cell. In each subcell, the short circuit current can be related to the absorptance by
IðkÞA i ðkÞkdk;
where the subscript i ¼ 1, 2 represents the nanowire array or silicon substrate, respectively. Here, k is the wavelength, k g is the wavelength corresponding to the band gap of the absorbing material, IðkÞ is the ASTM AM1.5D solar spectral irradiance, 25 and A i ðkÞ is the absorptance spectrum of the subcell. Equation (1) assumes one absorbed photon can generate one electron hole pair and perfect carrier collection, so represents an upper bound on the short circuit current.
We use the J-V characteristic of an ideal diode to describe the electrical properties of each subcell
where J 0;i is the reverse saturation current density. In the detailed-balance analysis, J 0;i is calculated by assuming that the only loss process in the dark is radiative relaxation of electrons through spontaneous emission, which is in detailed balance with the absorption of ambient blackbody radiation at room temperature. 24 Absorption is assumed to occur at all photon energies above the semiconductor material's band gap. The reverse saturation current density can then be written as an integral of the Planck distribution,
The current matching condition dictates that because the two subcells are connected in series, the current density J is the same for both. The total J-V curve can be obtained from
J cannot exceed the minimum J sc of the two cells. Given A i ðkÞ for each subcell, we can find the maximum power point on the J-V curve numerically to determine the efficiency of the structure. Below, we calculate the efficiencies obtained from two models for A i ðkÞ: an idealized model based only on the band gap of the material, and an accurate model based on full, electromagnetic simulations of the nanowire-on-silicon structure.
Detailed balance efficiency limit: Idealized model
Ideally, any incident photons with energy above the band gap of either the nanowire material or the silicon would be absorbed by the tandem cell structure and contribute to the current. However, in an actual structure, some photons are always reflected from the device and do not contribute. We first study ideal conditions to determine an upper bound on the tandem cell efficiency. Following the analysis in Ref. 26 , we consider two cases: "perfect" absorption, where the nanowire array absorbs all incident photons with energy above its band gap, and "imperfect" absorption, where the nanowire array absorbs only a portion of such photons. We calculate the efficiencies for these two cases using the detailed balance analysis described above. cell's band gap is higher than optimal, and it limits the current due to insufficient absorption. For the band gap combinations above and to the left of current matching line, the top cell absorbs too much light, limiting the amount of photons available for the bottom cell. In this case, the bottom cell limits the current.
We next consider the case of imperfect absorption. We choose the value of fractional absorption in the top cell to maximize the efficiency. The fractional absorption is defined as the percentage of photons with energy above the band gap of the top cell that are absorbed therein. Results are shown in Figure 2 (b). In the region of the plot below the current matching line, 100% absorption is optimal. Above the line, imperfect absorption maximizes the efficiency. Figure 2 (c) shows the efficiency obtained using the fractional absorption of Figure 2 (b). From the figure, it can be seen that in the region below and to the right of the current matching line, the limiting efficiencies are the same as those for perfect absorption case. However, in the region above and to the left of the current matching line, the efficiency is higher than for the case of perfect absorption. This is due to current matching constraints. By decreasing the absorption in the top cell, the solar flux can be evenly divided between the two subcells, yielding higher efficiency.
In Figure 2 (d), we plot the efficiency values along the dashed lines in Figures 2(a) and 2(c), corresponding to the specific case where the bottom cell is silicon. We see that the ideal band gap value of the top cell is close to 1.7 eV. For a range of values below 1.7 eV, the limiting efficiency can be higher than 30% provided that the absorption in the top cell is optimized. This can be achieved in an actual nanowire structure by tuning the structural parameters, as investigated below.
Detailed balance efficiency limit: Full electromagnetic simulations
We next determine the efficiency limit of the nanowireon-silicon tandem cell using the calculated absorptance spectra for realistic nanowire structures. We optimize the detailed balance efficiency via an exhaustive scan over the structural parameters (lattice constant a and d/a ratio) for each nanowire height h and for each nanowire material considered. We use a modified version of the ISU-TMM simulation package, 27 an implementation of the scattering matrix method, to calculate the wavelength-dependent absorptance in both the nanowire array (A NW ðkÞ) and the silicon substrate (A S ðkÞ). The optical constants of each material (refractive index and absorption length) used in the simulation are taken from Ref. 28 .
In Figure 3 (a), we plot the optimized detailed balance efficiencies as a function of height for all four nanowire materials considered. We see that the efficiencies of InP and GaAs nanowire arrays peak at a relatively short height of $550 nm, while the efficiencies of the other two materials continue to increase with nanowire height, up to heights of 10 lm. Figure 3(b) shows the same set of data, where the efficiency values for each material are aligned with the band gap energy of the material. Different symbols represent different nanowire heights. The solid lines show the limiting efficiency.
Optimal structural parameters
The optimized efficiencies in Figure 3 correspond to particular values of the nanowire structural parameters. These values are shown in Figure 4 . For all four materials, the optimal lattice constant increases with height. For InP and GaAs, the optimal lattice constant increases more rapidly with height than for AlGaAs and GaInP. The ratio of the diameter to the lattice constant (d/a) tends to decrease with height for all four materials. The optimal diameter has relatively little variation with nanowire height. The results indicate that as the nanowire height increases, the optimal array is sparser, corresponding to a smaller filling fraction.
For InP and GaAs, as the height increases, making the array sparser helps to reduce the fractional absorption in the top cell to the optimal value (shown in Figure 2(b) ). For AlGaAs and GaInP, 100% absorption is desired. However, for larger heights, high absorption can be achieved with sparser wires, which simultaneously reduce reflection from the top surface.
The optimal structural parameters depend on the current matching constraint. In Figure 5 , we consider 1.8 lm-tall GaAs and GaInP nanowire arrays as illustrative examples.
GaAs has a bandgap energy of 1.43 eV, below the optimal band gap (1.7 eV), while GaInP has a bandgap of 1.9 eV, larger than optimal.
Figure 5(a) shows the percentage of photons with energy above the band gap of Si (1.12 eV) that are absorbed by the GaAs nanowire array (blue) and the silicon substrate (red) as a function of lattice constant (a) and d/a ratio. Depending on the structural parameters, the nanowire array absorbs either more or less light than the silicon substrate. Figure 5(b) shows the detailed balance efficiency map as a function of the structural parameters. Along the white line, the number of photons absorbed in the nanowire array and in the substrate is the same, and the efficiency is high. Note that the white line corresponds to the curve along which the two surfaces in Figure 5(a) cross.
For the GaInP case in Figure 5 (c), no matter how we change the structural parameters, the absorption in the GaInP nanowire array is lower than the absorption in the silicon substrate. Figure 5(d) shows the efficiency map as a function of the structural parameters (efficiency value indicated by color bar). Overlaid on this plot are contours indicating the fractional absorption in the GaInP nanowire array (white lines/numbers). Note that the contour lines correspond to the data shown by the blue surface in Figure 5 (c). The highest efficiencies occur when the absorption in the nanowire array is highest.
We can relate the insight gained from Figure 5 to the difference in saturation behavior with height seen in Figure 3 (a). For GaAs and InP, the highest efficiencies are obtained when the absorption in each subcell is the same, and perfect absorption in the nanowire array is not required. As a result, large nanowire heights are not necessary. For AlGaAs and GaInP, the largest efficiencies are obtained when the absorption in the nanowire array is maximized. This absorption increases with increasing height.
III. ELECTRICAL TRANSPORT MODELING
Above, we have used detailed balance analysis to find an upper limit on the efficiency of nanowire-on-silicon tandem cells, and we have found the nanowire structural parameters that optimize this efficiency. In this section, we show how electrical transport modeling can be used to design nanowire p-n junctions with efficiencies as close as possible to the detailed-balance limit. In particular, we compare radial and axial junction designs for a sample, GaAs nanowire array and compare the effect of surface recombination in the two types of junction.
A. Junction geometry simulation come from the optimization of a GaAs nanowire array on silicon based on the detailed-balance model (a ¼ 560 nm, d ¼ 268 nm, and h ¼ 1 lm). Single-junction silicon solar cells have been the subject of extensive development. We thus focus on the transport properties of the upper GaAs nanowire cell, as shown in Figures 7(a) and 7(b). In electrical simulations below, for the purpose of calculating nanowire J-V curves, we will assume ideal ohmic contacts at the top and bottom of the nanowire.
B. Electrical transport simulation methods
In order to accurately simulate the J-V response of nanowire solar cell, we first need to calculate the positiondependent carrier generation rate. The position-dependent absorptance normalized to incident power (P in ) in unit of (m À3 ) is
where e 00 is the imaginary part of the position-dependent permittivity. The electric field intensity is obtained by finitedifference time domain (FDTD) simulation using the Lumerical software package. Assuming that one photon generates one electron-hole pair, the position-dependent carrier generation rate can be calculated as
where S is the unit cell area, IðkÞ is the AM1.5D solar irradiance, and hc=k is the photon energy. We make the approximation that the field distribution in the nanowire is rotationally symmetric in order to reduce the problem to 2D. The 2D carrier generation rate is calculated using a circularly polarized source, which effectively time averages different incident polarization. Figure 6 (c) shows the carrier generation rate profile. The effect of the contacts is not included in the optical simulations. We can see clearly that there is a highly concentrated hotspot at around 100 nm from the top surface.
We use the finite element method to calculate a realistic J-V relation for the cell, given different p-n junction designs. In this part, we solve two current continuity equations (7) and (8) coupled with Poisson's equation (9) r Á J n ¼ r Á ðnl n rE F;n Þ ¼ ÀeðG À RÞ;
Here, l n , l p are the electron and hole mobilities, and N D þ and N A À are the donor and acceptor doping concentrations. G is the carrier generation rate, from Eq. (6). R is the recombination rate. Here, only SRH recombination is taken into account in the simulation, and traps are assumed to be at mid-gap. SRH recombination can be written as
where n i is the intrinsic carrier density and s n and s p are the recombination lifetimes for electrons and holes, respectively. E F;n and E F;p are the quasi-Fermi energy levels for electrons and holes. Under Fermi statistics, the relation between electron and hole densities (n and p) and electron and hole quasiFermi energy levels (E F;n and E F;p ) are
N c and N v are effective densities of states for the conduction band and valence band, respectively. E c and E v are the conduction and valence band edges. c n and c p are called "degeneration factors" and are defined as
where F 1/2 is the Fermi integral of order 1/2. Then Eqs. (7) and (8) can be expanded into 
where D n and D p are diffusion coefficients defined as D n;p ¼ l n;p k B T=e. Equations (9), (15), and (16) are three equations with three unknowns: electron density (n), hole density (p), and electrostatic potential (w). With proper boundary conditions, these coupled equations can be solved and the current-voltage response can be extracted from the solution. Note that c n and c p are defined by Eqs. (11)- (14). The boundary conditions for electron and hole densities can be written asn
wheren is the outward normal to the nanowire surface. We have assumed that the carrier extractions are equal to the thermal velocity v th and are set to 10 7 cm/s for both electrons and holes.
For an ideal ohmic contact, the potential w is fixed by the external bias voltage (V a ),
at the n contact w ¼ w 0 þ V a ; at the p contact (19) where w 0 , n 0 , and p 0 are the electrostatic potential, electron density, and hole density in thermal equilibrium, which can be solved by using Eqs. (9), (11) , and (12), assuming that E F;n ¼ E F;p ¼ E F . At the nanowire surface, the boundary conditions for n and p aren
where R surf is the surface recombination rate. We assume SRH recombination with the traps at midgap. Then
where v th is the thermal velocity of the carriers, r is the trap cross section, and N dt and N at are the donor and acceptor-like trap density. Because of the surface recombination, there is charge accumulation on the surface. The positive charges at the surface are caused by occupation of the donor-like states by holes and have the form
The negative charges at the surface are caused by occupation of the acceptor-like states by electrons and have the form
The net surface charge density Q SS is equal to eðp s À n s Þ. The boundary condition for the electrostatic potential is rw ¼ À Q ss e 0 e r ;
from Gauss' law. In summary, solving the equations above yields the position-dependent potential (w), which is related to the applied voltage V and carrier concentrations (n and p), which can be used to calculate the current density J. Thus, the J-V curve and efficiency can be obtained.
We carry out simulations using the parameters listed in Table I . 10 nmthick minority carrier reflectors with 1 Â 10 19 cm À3 doping concentration are put just below/above the top/bottom contacts to reduce recombination (shown as nþþ and pþþ regions in Figures 7(a) and 7(b) ). We consider three kinds of surfaces here. The first case is a perfectly passivated nanowire surface. The second case is a surface with both donor and acceptor-like traps with densities of 1.5 Â 10 11 cm
À2
. For this case, the surface recombination velocity (SRV) is 3000 cm/s, which has been demonstrated experimentally by AlGaAs passivation. 31, 32 The third case is a surface with poorer surface passivation, with donor and acceptor-like trap densities of 1.5 Â 10 12 cm À2 .
C. Design examples and results
Figure 7(c) shows sample J-V curves for radial and axial junction geometries. For reference, we also plot the J-V curve given by the detailed balance limit. The junction depth is selected to be 35 nm for the radial junction and 100 nm for the axial junction. For no surface recombination (SRV ¼ 0 cm/s) and for low surface recombination (SRV ¼ 3000 cm/s), the radial junction has a higher short circuit current, while the axial junction has a higher open circuit voltage. The current density at zero voltage is higher for the radial junction because the distance required for carriers to diffuse to the junction is shorter, improving carrier extraction efficiency. However, the junction area is much larger for the radial junction than the axial junction. Therefore, under forward bias, recombination in the radial junction is more severe, reducing the open circuit voltage. When the surface recombination is severe (SRV ¼ 30 000 cm/s), the short circuit current of the radial junction is much larger than that of the axial junction. The open circuit voltages for both junctions have similar values.
From Figure 7 (c), we can see that the radial junction is more tolerant to surface recombination than the axial junction. If the n-type shell is thin, most of the excess carriers are generated in p-region, which is protected from the surface. Once these electrons diffuse across the junction to become majority carriers, the effect of surface recombination is negligible. In contrast, for the axial junction, both n and p regions are exposed to surface.
Given the J-V curve for a particular nanowire junction geometry, we calculate the maximum power and normalize by the maximum power for the detailed balance limit. Figure 8 shows the normalized maximum power as a function of junction depth for radial and axial junctions from side wall and top, respectively, with the three cases of surface passivation considered above. In the case of no surface recombination, the radial junction's power increases with junction depth over the range shown. The axial junction's power reaches a maximum of 0.75 at a junction depth of 260 nm and decreases as the junction depth is further increased. For low surface recombination (SRV ¼ 3000 cm/s), these trends remain without much power reductions. However, the drop in power in the axial junction is larger than in the radial junction. In the case with severe surface recombination, the difference is clearer. The normalized power of the radial junction is around 0.55 for a junction depth of 35 nm and drops with increasing junction depth. The axial junction can only achieve a normalized power of less than 0.35 with a junction depth of 100 nm. The optimal junction depth for the axial junction is close to the position of the absorption hotspot seen in Figure 6 (c).
Two things are worth noticing here for the axial junction design. (1) Since the axial junction requires a long diffusion length of photogenerated carriers, high material quality and a carefully designed surface passivation technique may be required to achieve high efficiency. In this case, materials with band gap energy less than 1.7 eV are preferred because of their short optimal heights. (2) The performance of axial junction is sensitive to junction position, especially for the severe surface recombination case. Since the position of hot spot in Figure 6 (c) may vary in different structures, the optimal junction position may also vary.
IV. CONCLUSIONS
In this paper, we first use a perfect diode model to calculate the detailed-balance efficiency of III-V nanowire on silicon tandem solar cells. Our optimization results show that for all four III-V materials considered, a larger than 30% detailed-balance efficiency can be achieved by using 1 lmtall nanowire arrays with optimized lattice constants and diameters. For materials with bandgap smaller than the optimal value (1.7 eV), it is crucial to tune the structural parameters such that the number of absorbed photons in the top cell is no larger than the number absorbed in the silicon bottom cell. For materials with bandgap equal to or larger than optimal, the structural parameters should be tuned to maximize absorption in the nanowire cell. We then conducted electrical transport simulations to illustrate how the output power of particular junction geometries, either radial or axial, compares to the detailed-balance limit. The simulation method allows for evaluation of the effects of surface recombination on output power. We find that the radial junction is more robust to the effects of surface recombination than the axial junction. For radial junction structures and a surface recombination velocity of 3000 cm/s, which has been achieved in experiments, 31 the normalized power is decreased by less than 1.4% compared to the case of perfect surface passivation (no surface recombination). Our results indicate strong promise for high efficiency nanowire III-V tandem cells on silicon.
In future work, the methods we use here can be extended to the design of multijunction nanowire tandem cells, with either vertical or radial stacking of III-V nanowire materials. While in this work, we optimized the nanowire dimensions and spacing to maximize the optical absorption, future directions include the optimization of the junction design (doping concentration and junction depth) for maximum electrical current collection. Ultimately, simultaneous optimization over optical and electrical properties could be carried out to maximize the realistic device efficiency, for example, by making use of automated search algorithms to search the extended parameter space.
Ongoing experimental work in our collaborators' groups aims to fabricate nanowire tandem cells of the type studied here, using metalorganic chemical vapor deposition (MOCVD) selective area growth. 18 Meanwhile, characterization efforts 32 are providing accurate, realistic values of the electrical transport parameters (e.g., mobility, recombination lifetime) in III-V nanowires for insertion into our transport model. The framework provided here will provide a road map for experimental efforts, as well as a tool for interpreting data from experiments.
